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Abstract 
Selection of an extractant plays a key role in the development of a commercial solvent extraction process. Though tri-
n-butyl phosphate (TBP) is currently used as the extractant for the processing of fast reactor fuel, there is a need to 
introduce an alternate extractant to ensure the success of closing the fast reactor fuel cycle in India. Recent studies 
undertaken in our laboratory for the identification of the most suitable extractant for fast reactor fuel reprocessing are 
addressed in this paper. Studies carried out on the influence of alkoxy groups of dialkylalkyl phosphonates on the 
extraction behaviour of uranium and thorium is also discussed. 
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1. Introduction 
Tri-n-butyl phosphate (TBP) is one of the well-studied and thoroughly understood extractants because of 
its pivotal role in various stages of nuclear fuel cycle. Fast reactor fuel reprocessing involving handling 
plutonium-rich spent fuel with high levels of radioactivity is considered to be more challenging than 
thermal reactor fuel reprocessing, even though both employ the same solvent extraction process (PUREX) 
with 1.1 M solution of TBP in n-dodecane (DD) as solvent. Extraction of U(VI) and Pu(IV) from nitric 
acid media with high fission product decontamination factors, excellent stripping behaviour, high capacity 
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of the PUREX solvent to load U(VI) and easy commercial availability are the main reasons for the 
selection of TBP as an extractant in thermal reactor fuel reprocessing [1]. However, third phase formation 
in the extraction of Pu(IV) is a serious issue with TBP in fast reactor fuel reprocessing [2]. Hence there is 
a need to identify an alternate extractant for fast reactor fuel reprocessing to improve the process 
performance. The alternate extractant should have high capacity to load Pu(IV) without third phase 
formation and its extraction and stripping behavior should be similar to that of TBP. In this context, 
several trialkyl phosphates such as tri-n-amyl phosphate (TAP) and some of its isomers such as tri-iso-
amyl Phosphate (TiAP), tri-2-methyl butyl phosphate (T2MBP), tri-sec-amyl phosphate (TsAP) etc. have 
been synthesized in our laboratory to identify a viable extractant for fast reactor fuel reprocessing. 
The extraction ability of organophosphorus extractants depends on the basicity of the phosphoryl oxygen 
which in turn depends on the nature of the substituents attached to the “P” atom. The basicity of the 
phosphoryl group increases by replacing the C-O-P group in the extractant by a C-P group. Therefore, the 
extraction ability of neutral organophosphorus extractants for a given alkyl group increases in the order, 
phosphates < phosphonates < phosphinates < phosphine oxides. Earlier we have reported the extraction 
behavior of actinides by diamylamyl phosphonate (DAAP) [3] and dibutylbutyl phosphonate (DBBP) [4]. 
Earlier studies also revealed that the extraction ability of dibutylalkyl phosphonates is not significantly 
influenced by increasing the chain length of the alkyl group from butyl to octyl group [5]. In the present 
study, two phosphonates, viz., dibutylhexyl phosphonate (DBHeP) and diamylhexyl phosphonate 
(DAHeP) have been synthesized and used to understand the influence of alkoxy groups on the extraction 
of U(VI) and Th(IV) with hexyl as alkyl group in both the cases.  
2. Identification of TiAP as an alternate extractant for fast reactor fuel reprocessing 
Earlier we have investigated the batch extraction of nitric acid, U(VI) and Pu(IV) by various trialkyl 
phosphates as well as their third phase formation behavior [6, 7]. Some of their physicochemical 
properties such as density, aqueous solubility, solubility of water in phosphate etc. have also been 
measured. Studies indicated that TAP, TiAP and T2MBP have high capacity to load Th(IV) and Pu(IV) 
without third phase formation. U(VI) can also be loaded in 1.1 M solutions of these extractants in n-DD 
up to theoretical limit. Distribution ratios for the extraction of nitric acid, U(VI) and Pu(IV) by these 
phosphates are comparable to that of TBP. Their physicochemical properties are also favourable for a 
solvent extraction process. In addition to these advantages, their aqueous solubility is low as compared to 
TBP. However, preliminary studies indicate that TAP is more susceptible to alpha radiolysis compared to 
TBP, whereas the radiation stability of TiAP is on par with TBP. Therefore, TiAP has been proposed as 
an alternate extractant for fast reactor fuel reprocessing. Flow sheet development studies with TiAP  
3. Flow sheet development studies with TiAP  
As a preliminary step towards the evaluation of the feasibility of using TiAP on engineering scale, a 
mixer-settler facility was set-up for flow sheet development studies. Continuous counter-current solvent 
extraction runs have been performed under various conditions by using this facility. Flow sheet 
development studies with TiAP as a preliminary step towards the evaluation of the feasibility of using 
TiAP on engineering scale, a mixer-settler facility was set-up for flow sheet development studies. 
Continuous counter-current solvent extraction runs have been performed under various conditions by 
using this facility. 
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3.1. Setting up of a mixer-settler facility for flow sheet development studies 
The facility comprising of an ejector mixer-settler unit and metering pumps is installed in a double-
module glove box with several safety features. Two glove boxes have been interconnected by means of a 
transfer port for the transfer of materials between the boxes which can also be isolated from each other by 
keeping the transfer port closed during the mixer-settler operations. A separate feedthrough connection 
has been provided between the glove boxes for the transfer of organic and aqueous solutions through 
narrow flexelene tubings (which are inserted in the feed through) by using metering pumps across the 
boxes. The mixer-settler used in the present study is fabricated from a monolithic polypropylene block 
with 16 stages, having a hold up volume of ~ 640 mL. The details about this equipment are described 
elsewhere [8]. A pulse amplitude of 100 – 150 mm in the pulse probe (id = 6 mm) and a pulse frequency 
of 30 cycles/min were maintained during mixer-settler runs. Outlet organic and aqueous streams were 
collected from 1st and 16th settlers, respectively. In all the runs, organic and aqueous stage samples (5 – 10 
mL) were collected from settlers after the attainment of steady state (around 7 – 9 hours). Stage samples 
were taken out of the glove box and concentrations of nitric acid and metal ions in organic and aqueous 
samples were estimated by suitable analytical methods. 
3.2. Extraction and stripping of nitric acid - 1.1 M TiAP/HNP–HNO3  system 
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Fig. 1. Flow sheet for the extraction and stripping of nitric acid - 1.1 M TiAP/HNP–HNO3 system. 
 
Before making the above, radioactive facility, counter-current runs for the extraction of nitric acid with 
1.1M TiAP/HNP-4M HNO3 system followed by a strip run with 1.1M TiAP loaded with 0.824M HNO3-
0.01M HNO3 system were carried out to test the performance of the equipment with respect to mixing 
and separation characteristics, hydrodynamic behaviour and the overall mass balance of nitric acid. Flow 
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sheet adopted for these runs are shown in Fig. 1 and the data indicate that extraction and stripping of 
nitric acid take place with good mass balance.  
3.3. Extraction and stripping of U(VI) and Pu(IV) - 1.1 M TiAP/HNP – U(VI)-Pu(IV)-HNO3  system 
Subsequent to the inactive runs with nitric acid, active runs with conditions simulating the PUREX 
process for fast reactor fuel reprocessing were carried out in the same facility. The basic flow sheet for the 
extraction and stripping of U(VI) and Pu(IV) comprises of three runs (first run was performed for the 
extraction of U(VI) and Pu(IV) and the other two runs for the stripping of extracted metal ions) and is 
shown in Fig. 2. First run composed of 10 and 6 stages for extraction and scrubbing, respectively. Though 
fission products were not present in feed solution, organic phase was scrubbed to generate an extraction 
profile for TiAP system under extraction-scrub conditions. The stage profile data indicated that only 3 – 4 
stages (Stage No. 7–10) are required for the extraction of uranium and plutonium with negligible loss of 
heavy metals into the raffinate stream. After keeping the TiAP solution loaded with Pu and U for about 48 
hours, first stripping (Strip Run – I) was carried out. The data generated from this run indicate that more 
than 99.99% of Pu(IV) along with a fraction of U(VI) was stripped from the loaded organic with two 
different nitric acid solutions (4 M and 0.01 M HNO3). The remaining fraction of U(VI) retained in the 
organic outlet stream of the strip run – I was stripped by second stripping (Strip Run – II) with a small 
loss of U(VI) in the lean organic stream (~ 0.16 mg U/mL) using 0.067 M HNO3 as strippant. Data 
revealed that about 99.8% uranium was recovered. In general, good trends for the distribution of nitric 
acid and actinides in the organic and aqueous phases have been obtained for the active runs with excellent 
mass balance. 
 
4. Effects of structure of phosphonates on the extraction behavior of actinides 
4.1. Synthesis and characterization of phosphonates 
Apart from phosphates, phosphonates also have been studied as alternate extractants for actinide 
separations. In this connection, dibutylhexyl phosphonate (DBHeP) and diamylhexyl phosphonate 
(DAHeP) were synthesised by Michaelis Becker reaction [9] and purified. The final product was 
characterized by IR and NMR spectral analysis (1H and 31P). Some of the important physicochemical 
properties of these phosphonates are shown in Table.1. 
 
Table.1. Physicochemical properties of extractants 
 
Property DBHeP DAHeP 
Density (g/mL) 0.9300  0.9161 
Viscosity (cP) 3.72 4.84 
Refractive index 1.4328 1.4360 
Aqueous solubility (mg/L) 250  90 
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Fig. 2. Flow sheet for the extraction and stripping of U(VI) and Pu(IV): 1.1 M TiAP/HNP–U(VI)–
Pu(IV)–HNO3 system (Outlet samples: The steady state samples; Inlet loaded organic streams in strip 
runs: The solutions collected from the beginning to the end of the respective previous run) 
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4.2. Extraction of uranium and thorium by phosphonates 
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 and DFig. 3. Variation of D(U(VI)) (Th(IV)) with equilibrium aqueous phase nitric acid for DBHeP and 
DAHeP in  n-dodecane at 303K 
 
Extraction of U(VI) and Th(IV) by phosphonates was carried out by equilibrating respective organic 
solution (1.1 M solution of phosphonate in n-DD pre-equilibrated with appropriate nitric acid solution) 
and an aqueous solution (solution of an actinide ion in a particular acid) with a O/A phase ratio of 1:1 at 
303 K. Experimental details and the methods adopted for the analysis of actinides are described elsewhere 
[3]. Fig. 3 depicts the variation of distribution ratio for the extraction of U(VI) and Th(IV) by 1.1M 
DBHeP and DAHeP in n-DD. It can be seen that D values for DBHeP system are higher compared to 
DAHeP throughout the nitric acid concentration range. This is in variance with our earlier study, which 
revealed that the D values do not vary with the increase in the chain length of the alkyl group of 
phosphonates with same alkoxy groups. Further studies on other phosphonates are required to validate the 
effect of alkoxy groups of dialkylalkyl phosphonate on the extraction of actinides. 
 
4.3 Third phase formation studies 
 
Studies indicate that 116 mg/mL and 117 mg /mL of uranium can be loaded in 1.1M DBHeP and 1.1M 
DAHeP in n-DD, respectively, without third-phase formation in the extraction of U(VI) from saturated 
uranyl nitrate solution with near-zero free acidity at 303 K. However, 1.1M DBHeP/n-DD forms third 
phase in the extraction of Th(IV) with near zero free acidity with the limiting organic concentration (LOC) 
of 73.8 mg/mL. It is found that LOC values decrease with increase in nitric acid concentration (e.g. LOC 
is 66.5 mg/mL for extraction from a solution with 5.2 M HNO3). In the case of 1.1 M DAHeP/n-DD, third 
phase is not observed even with saturated solution of thorium nitrate over wide nitric acid concentrations 
at 303 K. The details about the experimental set-up for third phase formation and analytical methods are 
described elsewhere [2,3].  
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5. Conclusions 
The feasibility of using TiAP as an alternate extractant to TBP in fast reactor fuel reprocessing has been 
demonstrated on an engineering scale by performing continuous counter-current liquid-liquid extraction 
runs under the conditions simulating the PUREX process by using a mixer-settler facility. 
The alkyl group of phosphonates seems to influence the physicochemical properties of the extractant such 
as aqueous solubility, density and viscosity. Alkoxy groups have profound influence on the extraction of 
U(VI) and Th(IV) by phosphonates with same alkyl group. 
Acknowledgements 
The authors are thankful to Mr. G. Ravisankar, Head, Chemical Facilities Division, IGCAR, for setting up 
a mixer-settler facility for flow sheet development studies.  
References 
[1]  Sood DD,  Patil SK. Chemistry of nuclear fuel reprocessing: Current status. J. Radioanalytical. Nucl. Chem. Articles 1996; 
203: 547-573. 
[2]  Vasudeva Rao PR, Kolarik ZA. Review of third phase formation in the extraction of actinides by neutral organophosphorus 
extractants, Solvent Extr. Ion Exch. 1996; 14: 955-993. 
[3] Brahmmananda Rao CVS,   Srinivasan TG, Vasudeva Rao PR. Studies on extraction of actinides by diamylamyl    
phosphonate. Solvent Extr. Ion Exch.2007; 25: 449-463. 
[4] Brahmmananda Rao CVS, Srinivasan TG, Vasudeva Rao PR. Studies on extraction of actinides by Dibutylbutyl 
phosphonate. Solvent Extr. Ion Exch. 2010; 28:  202- 224. 
      [5]  Brahmmananda Rao CVS, Srinivasan TG, Vasudeva Rao PR. Studies on the extraction by substituted butyl phosphonates, 
Solvent Extr. Ion. Exch., In press. 
[6]  Suresh A, Srinivasan TG, Vasudeva Rao PR. The effect of the structure of trialkyl phosphates on their physicochemical 
properties and extraction behaviour. SolventExtr. Ion Exch. 2009;  27: 258-294. 
[7]  Suresh A, Srinivasan, TG, Vasudeva Rao PR. Parameters influencing third-phase formation in the extraction of thorium 
nitrate by some trialkyl phosphates SolventExtr. Ion Exch.  2009; 27: 132-158. 
[8]  Suresh A, Srinivasan, TG, Vasudeva Rao PR, Rajagopalan CV, Koganti SB. U/Th separation by counter-current liquid-
liquid extraction with tri-sec butyl phosphate by using an ejector mixer–settler. Sep. Sci.Technol.2004; 39: 2477-2496. 
[9]  Coulson EJ, Gerrard W, Hudson HR. Factors in the formation of isomerically and optically pure alkyl halides. Part IV. The 
three dealkylation steps in phosphorus trihalide. J. Chem. Soc. 1965: 2364-2369. 
